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ABSTRACT 
Progress i n  analysis,  design and technology demonstration performed over the 
1964-1979 time period i s  reviewed. Emphasis i s  on identifying the documenta- 
t ion fo r  deta i l  beyond the scope of the presentation and summarizing what was 
determined and, i n  retrospect, how firm those determinations appear to  be. 
Twelve specif ic  subsystems and technology areas are reviewed. Relevant issues 
o r  considerations are discussed and t he i r  resolution o r  s ta tus  i s  presented. 
Introduction and Background 
Investigations of Microwave Power Transmission System (MPTS) concepts by 
Raytheon over the l a s t  15 years are  summarized in the attached figure. They 
began with, Item ( I ) ,  investigations by Bill Brown i n  powering a high a l t i tude  
platform by converting DC power on the ground to  RF,microwave power, trans- 
mitting i t  to  a rotary wing platform, converting the RF power t o  DC, driving 
a rotary wing through a DC motor, controlling the platform in azimuth and e le-  
vation w i t h  a beam-riding autopilot  fo r  the helicopter. This work pointed out 
the potential of microwave power transmission and again Bill Brown continued t o  
pursue t h i s  and other applications, including the Orbit-to-Orbit Transmission 
of Item (2 ) ,  over the years. 
This MPTS approach was adopted as part  of Dr. Peter Glaser's Power from Space 
concept. Raytheon in-house investigations and reviews in the 71-72 time period 
determined tha t  the concept of Microwave Power Transmission from Space was suf- 
f i c ien t ly  sound t o  warrant fur ther  investigation and commitment of resources. 
The key issues identified by the Raythecn committee review were: 
(a )  Major steps must be taken to  assure tha t  the bil l ions of diodes i n  the 
ground-based rectenna are suff ic ient ly  re l iable  to  support a long l i f e  
of approximately 30 years. 
(b)  The en t i re  MPTS concept must be advanced rather rapidly. 
Item (a )  has been pursued primarily by operating the diodes a t  power levels 
well below the i r  time c r i t i c a l  levels and by employing f a i l  safe concepts where 
known fa i lu re  modes resul t  in open c i rcu i t s  and do not precipitate other f a i l -  
ures. Item ( b )  has been pursued as aggressively as national support will 
permit. Good management practice normally would not support strong dependence 
on a few individual performers, however the issue i s  really most significant in 
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t h a t  tube technology i s  s u f f e r i n g  from lack  of i n t e r e s t  i n  the  academic community 
and i n  t he  technology community i n  genera7 i n  f avo r  o f  s o l i d  s t a t e  approaches. 
The h igh  power handl ing c a p a b i l i t y  o f  tubes over s o l i d  s t a t e  was considered t o  
be a  major fac to r .  The m a t u r i t y  of tube technology permi t ted  the  d e f i n i t i o n  o f  
concepts w i t h  no known f a i l u r e  modes, passive waste heat d i s s i p a t i o n  l i m i t e d  by 
topology considerat ions and by the r e l a t i v e l y  h igh  a l lowable temperatures f o r  
associated magnets as compared t o  s o l i d  s t a t e  junc t ions .  The e f f i c i e n c y  o f  t h e  
device was considered a  key i tem. An 80% e f f i c i e n t  device r e s u l t s  i n  tw ice  as 
much i n e f f i c i e n c y  and waste heat d i s s i p a t i o n  requ i red  as a  90% e f f i c i e n t  device 
and low a l lowable temperature l i m i t s  compound the  problem f u r t h e r .  High power 
dens i t y  on o r b i t  was considered t o  be fundamental t o  low cos t  and the  d e l i v e r y  
of l a r g e  amounts o f  power t o  the  ground. 
Major System Studies 
Ar thur  D. L i t t l e ,  Inc. ,  Grumman Aerospace Corporat ion, Spectrolab, Inc.  and 
Raytheon conducted i n teg ra ted  in-house i nves t i ga t i ons ,  I tem (3 ) ,  o f  the  SPS 
concept and contracted w i t h  NASA Lewis Research Center f o r  a  F e a s i b i l i t y  Study 
o f  SPS, I tem (4 ) ,  i n t h e  1971-72 t ime per iod.  The major MPTS issues inc luded 
RFI and b i o l o g i c a l  considerat ions and the  O f f i c e  o f  Telecommunications Po l i cy  
was b r i e f e d  and consul ted i n  the  e a r l y  per iod.  The frequency had been estab- 
l i s h e d  a t  2.45 GHz ( t he  I S M  band) by t he  e a r l y  s tudies and the  study f o r  NASA 
Lewis Research Center i nd i ca ted  t h a t  3.3 GHz would be near optimum from the RFI 
p o i n t  o f  view. La te r  s tud ies  by Raytheon f o r  Lewis Research Center i nd i ca ted  
t h a t  2.2 GHz was near optimum from the  SPS p o i n t  o f  view, however RFI t o  o the r  
users o f  the  spectrum was considered an adverse f a c t o r  and the  2.45 GHz I S M  
band was again i d e n t i f i e d  as t he  near optimum from many po in t s  of view. 
The t r a n s m i t t i n g  antenna diameter was cons i s ten t l y  i n  t he  1  km diameter reg ion  
and the  ground r e c t i f y i n g  antenna was i n  t he  10 km diameter region.  
B io l og i ca l  1  i m i  t s  f o r  na t i ona l  and i n t e r n a t i o n a l  appl i cat ions  f o r  exp sure ou t -  ! s ide  t he  p ro tec ted  pr imary beam was assumed t o  be nominal ly  0.1 mW/cm . It 
was recognized t h a t  extensive i n v e s t i g a t i o n  may show t h i s  t o  be an i n c o r r e c t  
assumption and t h a t  i n  the  l i m i t  i t  may be e i t h e r  h igher  o r  lower. Truncated 
Gaussian taper  f o r  t he  t r ansm i t t i ng  antenna was considered fundamental t o  t he  
concept t o  mainta in low sidelobes and t o  prov ide the  f l e x i b i l i t y  i n  the  concept 
f o r  more o r  l ess  taper  as the  d i c t a t e s  o f  b i o l o g i c a l  l i m i t s  requi red.  The 
e f f ec t s  on l i f e  forms w i t h i n  t he  main beam were considered t o  be o f  concern, 
warrant ing in-depth i nves t i ga t i on .  The need f o r  f l e x i b i l i t y  i n  the  concept 
t o  con t ro l  the  main beam power dens i ty  was there fo re  ind icated.  The t r end  
toward l ess  than low-cost-optimum l e v e l s  began s ince t he  pr imary way o f  c o n t r o l -  
l i n g  main beam power dens i ty  was t o  reduce t ransmi t ted  power dens i ty  and/or 
t o t a l  t ransmi t ted  power. 
Microwave Power Transmission System Studies, I tem (S), f o r  NASA Lewis Research 
Center i n  the 74-75 pe r i od  were most extensive and de ta i led ,  p rov id i ng  t he  
basic r e l a t i onsh ips  among performance, weight and cost .  The scope was con- 
s idered t o  be f u l l  breadth cover ing a l l  the  known issues. The depth was l i m i t e d  
by t ime and e f f o r t  t h a t  was considered appropr ia te  f o r  t h i s  f i r s t  major i n -  
ves t i ga t i on  o f  the  MPTS. The d e t a i l e d  r e s u l t s  a re  repor ted  i n  the  four-volume 
r e p o r t  Microwave Power Transmission System Studies (NASA CR-134886, ER75-4368). 
A  S a t e l l i t e  Power System Technology Risk Assessment was performed which 
i d e n t i f i e d  i n  a  l e v e l  5 breakdown the  technology areas as they r e l a t e  t o  
microwave power transmission. The r i s k  r a t i n g  c r i t e r i a  categor ies were again 
a t  5  l e v e l s :  1  - I n  Use, 2 - I n  Development, 3 - On the  Technology F ron t i e r ,  
4 - Conceptual and 5  - Invent ion .  The con f i gu ra t i on  and techn ica l  approach 
was modified to not require any Invention. There were 24 items in Category 4 
requiring fur ther  investigation, advanced technology development and demon- 
s t ra t ions .  Relatively standard technology development was considered to be 
required in a l l  other areas. 
The 24 c r i t i c a l  items as presented in order of pr ior i ty  and discussed in 
Volume 4 of ER75-4368 are: 
DC-RF Converters & Fi l t e r s  
Materials 
Phase Control Subsystems 
Waveguide 
Structure 
Manufacturing Modules 
Remote Manipulators 
Biological 
Attitude Control 
Ionosphere 
Power Transfer 
Switch Gear 
Radio Frequency 
Support Modules 
Orbital Assembly Operations 
Reliabil i ty 
Solar Electric Propulsion Stage 
Transportation Operations 
SPS Flight Mechanics 
Operations and Maintenance 
Power Source 
Heavy Lif t  Launch Vehicle 
Socio-economic Considerations 
Re-Supply 
A Crit ical  Technology and Ground Test Program was described i n  Section 13 of 
ER75-4368. The 48 kW Klystron and the 5 kW Crossed Field Directional Amplifier 
(CFDA)  were considered to  be the leading tube contenders, w i t h  the Amplitron 
version of the CFA having the highest potential performance, lowest weight, 
1 ongest 1 i f e  and 1 owest cost;  however, there was significant uncertainty regard- 
ing CFDA noise. The study included a major e f fo r t  by Shared Applications and 
Raytheon Equipment Division fo r  the Klystron and significantly less  e f fo r t  fo r  
the less complex Amplitron. I t  was recognized that  the Crossed Field Amplifier 
should be the subject of advanced development before selection could be made. 
Environmental effects  re la t ive  to  propagation and phase control were discussed 
in NASA CR-134886, Section 3. This covered Atmospheric Attenuation and 
Scattering Ionospheric Propagation, Ionospheric Modification by High Power 
Irradiation 3 Faraday Rotation Effects. Subsequent data and investigations i n  
t h i s  area have necessitated updating as reported in Items ( l l ) ,  (17) and (18).  
The purpose of Item (9)  was to  provide a to ta l  s e t  of qual i ta t ive  relationships 
between areas requiring investigation and the viable approaches for  investiga- 
t ion.  Nine major points of focus i n  ground based study, technology development, 
analysis and t e s t  were identified.  This was provided to  both MDAC and GAC in 
support of Item (10). Item (12) was provided in response t o  a se r ies  of issues 
relating t o  whether o r  not a rational program with intermediate steps could be 
formulated tha t  would give progressive confidence that  would support authoriza- 
tions to  proceed on a continuous b u t  step-wise basis. This identified a 10-step 
program that  a1 though outdated indicates the characterist ics required. 
Studies under ECON fo r  NASA-MSFC of Item (11) included the rationale fo r  the 
ground power density region of in te res t  between 20 and 50 m~/cm2. I t  was 
further indicated tha t  23 m~/cm2 was a reasonable value fo r  reference purposes. 
The Rectenna Techno1 ogy Study, I tem (1 4 ) ,  by Bi 11 Brown of Raytheon provided 
fur ther  detail  on the rectenna for  Boeing. 
The investigations in to  SPS and al ternate  technologieS of Item (15) began t o  
identify the basis fo r  di rect  comparison of SPS witti other approaches for  
base power. Raytheon Equipment Division worked in a consultant role to  identify 
the several sources of relevant information. 
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The SPS P i l o t  Beam and Communication L i n k  Study, I t em  (17), p rov ided  r e l e v a n t  
s i z i n g  approaches and data i n  those areas t h a t  were n o t  addressed i n  p rev ious  
a c t i v i t i e s .  I n t e r p r e t a t i o n  of t h e  r e s u l t s  o f  t h i s  s tudy i n  t h e  area of iono-  
spher i c  e f f e c t s ,  as expressed by o thers  work ing i n  t h e  area o f  i onospher i c  
model ing and phase c o n t r o l ,  were i n c o n s i s t e n t  w i t h  Raytheon's understanding 
o f  t he  problem and a  d r a f t  Technical  Note o f  I t em  (18), SPS P i l o t  Beam Iono- 
spher i c  Effects Discuss ion o f  C r i t i c a l  Issues, was d i s t r i b u t e d  t o  personnel 
working i n  t he  ionospher i c  model ing and phase c o n t r o l  areas. D e t a i l s  from 
t h i s  T.N. w i l l  be inc.luded i n  t h e  o r a l  p resen ta t ion .  
The S o l i d  S ta te  SPS Microwave Generat ion and Transmission Study, I tem (19),  
and t he  Magnetron Tube Assessment Program w i l l  be r epo r t ed  on i n  o t he r  
appropr ia te  sessions. 
Major  Demonstrations and Technology Developments 
The Reception-Conversion Subsystem (RXCV) f o r  Microwave Power Transmission 
System e f f o r t  o f  I t em  (6)  w i l l  be r epo r t ed  on i n  o t h e r  appropr ia te  sessions. 
It was v i t a l l y  impor tan t  i n  t h a t  i t  c o n s t i t u t e d  a  major  p o s i t i v e  s tep  i n  
c r e d i b i l i t y  w i t h  t h e  t echn i ca l  community. The h i gh  RF t o  DC e f f i c i e n c i e s  
(>  80%) demonstrated i n  t h e  f i e l d  and t h e  h i gh  DC t o  DC e f f i c i e n c i e s  (54%) 
demonstrated and c e r t i f i e d  by JPL i n  t h e  l a b o r a t o r y  c o n s t i t u t e d  progress t h a t  
created s i g n f i c a n t  i n t e r e s t  i n  and b e l i e f  by t h e  t echn i ca l  community. 
The RF t o  DC Col l ec to r /Conver te r  Technology Development, I tem ( 7 ) ,  w i l l  be r e -  
po r t ed  on i n  o t h e r  appropr ia te  sessions. I t  extended t h e  RF t o  DC e f f i c i e n c y  
data t o  1  ow power l e v e l s  and prov ided s i g n i f i c a n t  advancement i n  understanding 
of poss i b l e  approaches t o  f a b r i c a t i o n  f o r  low cos t .  
The Design and F a b r i c a t i o n  o f  Crossed F i e l d  Amp l i f i e r s ,  I t em  (8 ) ,  w i l l  be 
repor ted  on i n  o t h e r  appropr ia te  sessions. Al though t h i s  development was 
l i m i t e d  t o  a  Phase I a c t i v i t y ,  i t  along w i t h  major  c o n t r i b u t i o n s  by R. D ick inson 
o f  JPL p rov ided  i n s i g h t  t h a t  p r e c i p i t a t e d  I t em  (16). The Raytheon in-house 
work i n  I t em  (16) was fo l lowed by a  program under c o n t r a c t  from JPL t o  i n -  
ves t i ga te  t h e  magnetron d i r e c t i o n a l  a m p l i f i e r  and w i l l  be r epo r t ed  on i n  o t h e r  
appropr ia te  sessions. Th i s  work i s  a  very  s i g n i f i c a n t  system l e v e l  con t r i bu -  
t i o n  i n  t h a t  i t  has brought  t h e  most fami l  i a r  microwave oven magnetron i n t o  
con ten t ion ,  c o n t r a r y  t o  t h e  b e l i e f  t h a t  t h e  Ampl i t ron  and K l ys t r on  were t h e  
l ead ing  contenders as repor ted  under I t em  ( 5 ) .  Th is  i s  h o p e f u l l y  i n d i c a t i v e  
o f  s imple b u t  imag ina t i ve  approaches t h a t  may evo lve  i n  each o f  t h e  SPS areas 
of o v e r a l l  concept and technology. 
The Magnetron Tube Assessment, I t em  (20) ,  w i l l  be repor ted  on i n  o t h e r  appropr i -  
a t e  sessions. Th is  assessment i s  most impor tan t  i n  t h e  system performance 
area i n  t h a t  i t  i s  t h e  i n v e s t i g a t i o n  o f  an a l t e r n a t e  technology t h a t  i s  r e l a -  
t i v e l y  mature, l i g h t w e i g h t ,  h i g h l y  e f f i c i e n t  and r e l a t i v e l y  s imple from bo th  t h e  
dev ice and i n t e r f a c e  w i t h  t h e  power g r i d  p o i n t s  o f  view. 
Relevant technolog ies under cons i de ra t i on  and development, I tem (13),  a re  be ing 
i n v e s t i g a t e d  by Raytheon. 
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